We use density functional theory to investigate the influence of surface vacancies on the surface stability of a stoichiometric free-standing LaAlO 3 (001) thin film. Defect-free three and five unit cell thick LaAlO 3 (001) thin films show macroscopic electric fields of 0.28 V/Å and 0.22 V/Å, respectively. The built-in electric field is sufficiently strong for the five unit cell thick film to undergo a dielectric breakdown in the local density approximation. We show that the electric field can be effectively compensated by La vacancies on the LaO surface, O vacancies on the AlO 2 surface, or both types of vacancy present at the same time. Comparing surface Gibbs free energies we show that several surface vacancy structures are thermodynamically stable.
Introduction
Lanthanum aluminate LaAlO 3 (LAO) is a polar perovskite oxide widely used as a single crystal substrate material in oxide epitaxy [1, 2] . Along the [001] direction LAO can be viewed as a stack of alternating charged LaO and AlO 2 planes. In the ionic limit, the LaO and AlO 2 planes carry a charge of +e and -e per (1×1) in-plane cell, respectively. Therefore, an ideal as-cleaved LAO film would have an electrostatic potential diverging as the film thickness increases. In the semiconductor context the effect is known as polar catastrophe [3] . Recently, thin films of LAO have drawn considerable attention owing to the discovery of the two-dimensional electron gas in the LaAlO 3 /SrTiO 3 (STO) heterostructure [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Several studies of oxide heterostructures including LAO layers have followed [15] [16] [17] [18] . In many cases, the intrinsic polarity of LAO is believed to be responsible for novel physical phenomena. The built-in electric field may offer, for example, a possible explanation for the interfacial charge and critical thickness of the LAO overlayer in the LAO/STO system. Electrons transfer from the valence band at the LAO surface to the conduction band of the STO substrate as the film thickness exceeds 4 unit cells [7, 8] . This model explains the main properties of the LAO/STO system; however, it assumes that the LAO surface maintains its defect-free structure.
The key question is whether the as-cleaved LAO (001) surface can be kept to sustain the builtin electric field. Harrison has shown that the polar catastrophe can be avoided when the surface * demkov@physics.utexas.edu atomic composition is modified so that accumulated charge is compensated [3] . The idea can be readily applied to the polar oxide surface. When bulk LAO is stoichiometrically cleaved, positively charged LaO and negatively charged AlO 2 surfaces are exposed. If one can introduce compensating charges, for example, -δ to the LaO surface and +δ to the AlO 2 one, this gives in the simple capacitor model compensating electric field of 4πδ/ε inside the LAO film, where ε is the dielectric constant of LAO. This surface charge compensation can be achieved, for instance, by desorbing native ions or adsorbing foreign charged entities on the surface [19] . The LAO (001) surface has been extensively studied both theoretically and experimentally [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] .
Several point defects in bulk LAO and O vacancies in LAO (001) film have been studied theoretically [33] [34] [35] [36] . Using density functional theory Zhang et al. [35] have recently shown that O vacancy preferably forms at the AlO 2 surface of the LAO overlayer on STO. Zhong et al., have discussed the similar position dependence of formation energy of an O vacancy in the LAO/STO superlattice [36] . La vacancies on the LaO-terminated surface of LAO (001) film have been observed experimentally using a transmission electron diffraction technique [30] .
Using density functional theory Lanier et al. have theoretically evaluated the basic electronic properties of the LaO surface with a La vacancy [30] . However, to our knowledge, the details of the stabilization mechanism for the LAO (001) polar surface have not been considered theoretically. In this paper we use first-principles calculations to study the stability of the builtin electric field in LAO (001) films with respect to formation of surface vacancies. The rest of the paper is organized as follows. We briefly describe the computational methods in section 2.
In section 3, we discuss defect-free three unit-cell (u.c.) and five u.c. thick LAO (001) films.
We consider five u.c. thick LAO (001) thin films with three different surface vacancy structures in section 4. Surface Gibbs free energy and relative thermodynamic stability of the vacancy structures are discussed in section 5.
Computational methods
We use density functional theory (DFT) within the local density approximation (LDA) as implemented in the VASP code [37] . The exchange-correlation functional is approximated using parameterization by Perdew and Zunger [38] . We employ projector augmented wave (PAW) pseudopotentials [39] of 600 eV is used, along with a 8×8×8 (bulk) and a 6×6×2 (slab) Monkhorst-Pack special kpoint grids [40] for integration over the Brillouin zone. The electronic total energy is converged within 10 -6 eV/cell for each electronic self-consistent field calculation. Experimentally, the ground state structure of LAO below 820K is a rhombohedral perovskite ( c R3 ) with the tilted AlO 6 octahedra network [41] [42] [43] [44] . We calculate the rhombohedral cell angle α in the ground state structure to be 60.1°. We note that this value is very close to 60° corresponding to cubic symmetry of the system (see FIG. 1 (a) ), and energy difference between the α=60° and α=60.1°
structures is less than 0.5 meV/(LAO-formula-unit). Therefore in what follows we approximate the ground state structure of LAO with the cubic perovskite structure with tilted octahedra. In FIG. 1 To deal with the electric field within the periodic boundary condition, we use double-slab geometry to produce a periodic potential [7] . Three u.c. and five u.c. thick LAO (001) films are considered. We define a layer of LaO plus a layer of AlO 2 as one u.c.. Therefore thicknesses of the as-cleaved three u.c. and five u.c. films are 9.37 Å and 16.86 Å, respectively. The LAO slabs in the simulation cell are separated by 10 Å thick vacuum regions. To ensure that the vacuum thickness is large enough to avoid spurious interactions between the slabs, we check that the electrostatic potential is flat in the vacuum region for each result. We have also considered one three u.c. thick LAO (001) slab structure using 15 Å of vacuum, and checked that it gives the same result as one obtained with 10 Å of vacuum. We fully relax all slab structures until the Hellmann-Feynman forces are less than 25 meV/Å.
Defect-free LaAlO 3 (001) films
We first examine the as-cleaved stoichiometric three u.c. thick film. To study the electronic and ionic responses of the system to the built-in electric field separately, we first consider the unrelaxed structure. We show the layer-projected density of states (DOS) of the cleaved-bulk structure in FIG. 3 (a) . The main feature is tilt of the LAO band structure due to the built-in electric field. The valence band states of the AlO 2 layer on the right are raised in energy so that they reach the conduction band level of the LaO layer on the left. The electrons in the valence states of the AlO 2 layer can tunnel through the film and transfer into the LaO layer, rendering the film metallic. This is a dielectric breakdown. We calculate the electric field using planar average of the local electrostatic potential by plotting it as a function of distance in the direction normal to the surface in FIG. 3 (b) . The potential is then macroscopically averaged along the stacking direction and the electric field is estimated from the slope in the bulk region. The field in the un-relaxed three u. c. thick film is 0.39 V/Å. Next we allow the atoms to relax. As seen in FIG. 4 (a) and (c), La and Al cations move to the right and O anions move to the left with respect to their bulk positions. Note that the residual electric field is pointing toward the AlO 2 surface, so the ions move to screen it. This 'polar-type' distortion in the three u.c. thick LAO film reduces the electric field to 0.28 V/Å. As a result the system opens the band gap of 1.18eV and returns to an insulating state. Similar polar distortions in LAO/STO heterostructures have also been discussed by Pentcheva and Pickett [8] .
To further analyze the system's response, we calculate layer charges based on the Bader analysis [45, 46] . The Bader method partitions the continuous charge density into atomic charges based on the so-called zero flux surfaces on which the charge density is minimal in the direction normal to the surface. Since LAO is largely ionic, the Bader method is a natural choice to assign the atomic charges. We use the number of electrons per (2x2) in-plane cell as a unit for the charge density unless noted otherwise. In the bulk, the Bader charges of the LaO and AlO 2 bulk layers are calculated to be 1.43e and -1.43e, respectively (in the ionic limit they would have been 4e and -4e). As shown in FIG. 5 (a), the middle LaO and AlO 2 layers in the three u.c. thick film are charged approximately 1.45e, and -1.45e, respectively, before and after the structural relaxation. Major changes take place in the surface regions. For the cleaved-bulk structure, the surface charges are 0.9e and -0.9e for the LaO and AlO 2 surfaces, respectively. Note, however, that in the original model of Hwang [4] the charge transfer would have been 2e in the cell of this size, and the field would be gone. In other words, what we observe is the inability of the electron system alone to alleviate the polar catastrophe. Once the ions are allowed to relax and the ionic dipoles are induced, the electric field is further screened and the charge transfer leading to the dielectric breakdown vanishes. The Bader charge of the surface layer is now roughly +/-2e (See FIG. 5 (a)). The higher surface charges can be understood within a simple bond electron transfer model [19] . In this model the ionic formal charges are corrected by the electron transfer due to orbital hybridization with the nearest neighbors. . Considering the coordination environment at the surfaces and Δ values in the bulk, the surface charges are estimated to be +2.6e and -2.6e for LaO and AlO 2 surfaces, respectively, in qualitative agreement with the calculated values. We conclude that the residual electric field of 0.28 V/Å is a result of balancing between the charge transfer and ionic screening. Most importantly, we find that at least in very thin films, the dielectric breakdown can be averted.
For a five unit cell thick film, the dielectric breakdown is also observed for the cleaved-bulk geometry as seen in FIG. 6 (a) . The relaxed structure shows a polar distortion similar to that of the relaxed three unit cell thick film ( see FIG. 4 (b) and (c)). However, unlike the thinner film, the thicker one cannot avoid the dielectric breakdown even after the polar distortion, and both surfaces remain metallic. This can be also observed in the layer-resolved Bader charge plot shown in FIG. 5 (b) . Again, the surface charge accumulation is enhanced by the ionic relaxation. However, the values (1.81e and -1.46e for the LaO and AlO 2 surfaces, respectively) are smaller than for the three unit cell thick film, meaning that the initial electronic charge transfer doesn't vanish. This charge transfer additionally reduces the electric field by 0.06 V/Å in comparison to the three unit cell case, and the residual electric field is 0.22 V/Å.
In summary, we find that above the critical thickness of about four unit cells, an ideal stoichiometric LAO film cannot avoid the dielectric breakdown as electrons transfer from the O 2p states at the AlO 2 -surface to the La 5d states at the opposite LaO-surface. We see from the three unit cell thick film result that the electric field in the bulk region of LAO is 0.28 V/Å. Therefore, because the LDA band gap of LAO is only 3.87 eV the critical thickness is only ~14 Å. However, the LDA is known to under-estimate the band gap [49] . The experimental band gap of LAO is 5.6eV. Using the electric field of 0.28 V/Å, the critical thickness is estimated to be 20 Å or five unit cells.
Thin LaAlO 3 (001) films with surface vacancies
To explore the residual electric field stability with respect to point defects we consider three different surface of LAO on STO as the LAO film thickness increases from two to five unit cells using surface xray diffraction techniques [11] . They find that the buckling of the LaO planes indicative of the polar distortion disappears when the film thickness exceeds four unit cells. Our result suggests that this disappearing of buckling is an indication of the polar surface stabilization by screening.
The actual screening mechanism may of course be different from the one described here due to the presence of the epitaxial interface with STO. We hope that further experimental studies of the atomic-scale evolution of the LAO surface structure will shed light on this complicated problem. Lastly we notice that the surface structure we obtain for the AlO 2 surface is in qualitative agreement with the experimental result of Francis et al. [27] . They reported the outward relaxation of O atoms and inward relaxation of Al atoms for the AlO 2 -terminated LAO (001) surface.
Stability of surfaces with vacancies
Thus far we have established that by having surface vacancies, the LAO film could reduce the built-in electric field and lower its energy by recovering the bulk tilted perovskite lattice. The surface vacancy formation, however, costs a certain amount of energy. If the energy cost to create surface vacancies is too high, then the energy gain due to the compensation of the builtin electric field may not be sufficient to have an appropriate vacancy concentration. To compare the stability of the surfaces with vacancies to that of the stoichiometric LAO (001) surface we calculate the surface Gibbs free energy for each structure, defined as
where E(slab) is the total energy of the LAO slab under consideration. N La , N Al , and N O , are the numbers of La, Al, and O atoms in the slab, respectively. The chemical potentials for the elements μ La , μ Al , and μ O are referenced to bulk metals, and O 2 molecule. We approximate the Gibbs free energy of the slabs as the total energy obtained from the DFT calculations; that is, the vibrational and pressure contributions to free energy are neglected [51] .
Since the surface is assumed to be in equilibrium with the LAO bulk, the sum of the chemical potentials should satisfy the equilibrium condition: Using this relation, we can reduce the number of independent variables in the surface free energy expression from three to two. Combining conditions (2), (4), and (5), we obtain the following ranges of possible values of chemical potentials:
We list the calculated formation energies for bulk LaAlO 3 , La 2 O 3 , and Al 2 O 3 in Table 2 . 
Summary
In conclusion, we use first-principles density functional theory calculations to explore the possible mechanism of LAO (001) 
